Introduction
Dilute nitride (In)GaAsN alloys are promised for sevral applications, such as high-efficiency multi-junction solar cells and laser diodes [1, 2] . The addition of N to III-V compound semiconductor perturb conduction band and cause anomalously large band gap (Eg) reduction with decreasing lattice parameter. Therefore, incorporation of In to GaAsN can be lattice-matched to GaAs or Ge with Eg from 1.4 to 1.0 eV. However, the electrical properties such as electron mobility and quantum efficiency of (In)GaAsN solar cell were dramatically decreased [3, 4] . The drop of electron mobility was independent of growth methods and kinds of impurities and dopants [4, 5] . In addition, the electron mobility was less than simulated mobility including phonon and alloy scattering which was repoted by S. Fahy et al [4, 6] . Hence, the degradation of the electron mobility has been considered due to N-related defects, in particular inhomogeneity of N distribution and N clusters. On the other hand, in photoluminescence (PL) measurements, the N-related near-band-edge localized states have been observed [7] . These states have been also considered to N clusters. However, not only the relationship between electron scattering and these N-related localized states also the characteristics of the localized states were not fully understood.
In this paper, we studied the temperature dependence of PL and magnetoresistance (MR) of GaAsN. The localized carriers are activated to mobile states by thermally excitation, and thus it should change PL and MR.
Experimental Methods
The GaAsN epitaxial films were grown on semi-insulating (001) 4 with N 2 , respectively. N composition in GaAsN was varied by the gas flow rate of MMHy. The growth pressure was 0.8 to 1.5x10 -2 Pa to prevent vapor reaction of sources. The GaAs and GaAsN films were grown at 440 o C. The structures for resistivity were grown GaAsN epitaxial films directly on GaAs substrates. For PL, GaAsN epitaxial layer was embedded between 20 nm thick GaAs cap and 400 nm thick buffer layers to reduce recombination loss at surface. N composition was estimated from the lattice constant of GaAsN (004) determined by X-ray diffraction with assumption of elastic distortion and Vegard's law. Resistivity with and without magnetic field of 0.798 T was measured by Hall effect system with Van der Pauw method at temperature range from 4.2 to 200 K. MR (Δρ/ρ) were defined as follows,
where B and T means the applied magnetic field and measured temperature. PL measurement were performed in 4.2 -300K using a 532-nm-line laser diode pumped Nd:YVO 4 as the excitation source. The PL spectrum was detected by a photomultiplier cooled at 70 o C through a 0.75 m focus length monochrometer.
Results and Discussion
MR at 4.2 K was negative value in various N compositions including GaAs. The negative MR became larger with increasing N composition as shown in Fig. 1 . The increase of negative MR caused by the addition of N to GaAs was also observed in MBE grown GaAsN of N compositions up to 0.2 % [8] . The temperature dependences of negative MR of GaAsN were shown in Fig. 2 as Arrhenius plot. The negative MR reduced and goes to 0 with increasing temperature.
When the potential fluctuation in crystal became bigger, the carriers were became localized according to weak Anderson localization model. This phenomenon has been considered as result of the interference between wave functions of scattering electron in multiple-scattering paths. The origin of the negative sign of MR is according to the break of time-reversal and vanishing of the interference. As a consequence, the resistivity was reduced by magnetic field and this is mechanism of negative MR. The localized and delocalized states were separated by the energy known as mobility edge. When the localized carriers were excited to mobility edge by thermal energy (phonon scattering) and delocalized, the negative MR may be no longer observed. Therefore, the depth of potential fluctuation which act as localized centers can be estimated by the activation energy for vanishing of negative MR. The activation energy was estimated by slope of Arrhenius plot of the negative MR in the temperature range from 70 to 180 K. The activation energy increased from 17 to 27 meV with increasing N composition from 0.25 to 0.86 %. The change of negative MR at lower temperature may be caused by the thermal energy assisted hopping conduction since the activation energy was very small, a few meV independently of N compositions.
On the other hand, PL is suitable for estimating the localized energy [7] . The depth of N-related localized levels from electron mobile states was estimated by the temperature dependence of the integrated PL intensity as following equation,
where I(T), I 0 , E A , k, and A are the integrated PL intensity as a function of temperature, that at 4.2 K, the thermally activation energy to mobile states, Boltzmann constant, and constant respectively. The activation energy increased from 18.5 to 21.5 meV with increasing N composition from 0.1 to 0.67 %. These activation energies estimated by two methods are good agreement. It is indicated that the N-related near-band-edge localized levels were one of the origin of electron localization and poor electrical properties of GaAsN. Fig. 3 The estimated activation energy for electron delocalization. The energies were continuously increased with N composition and independent of experiment.
Conclusions
The MR and PL of GaAsN with N composition from 0.1 to 0.86 % were investigated to estimate the depth of electron localization levels. MR of GaAsN shows negative sign and decreased with increasing N composition. The activation energies for vanishing negative MR and intensity of PL from N-related localized states were correspond and estimated to from 17 to 27 meV. It is considered that the electrons were frozen in at N-related near-band-edge trapping centers at low temperature and the localized electrons were thermally excited to mobile states as increasing temperature. Thus, the excited carriers can be move freely.
